Objective: Several risk factors have been shown individually to influence the outcome following radioactive iodine (RAI) therapy in the treatment of hyperthyroidism. However, no attempt has been made to determine their independent prognostic values that could be used in a regression model to provide objective estimates of the probability of developing hypothyroidism. Study design and methods: We audited records of all hyperthyroid patients treated with first dose RAI between 1980 and 1996. Patients were aetiologically categorized into Graves' disease, solitary toxic nodule and toxic multinodular goiter. Following RAI, outcome was categorized as hypothyroidism, euthyroidism and persistent hyperthyroidism. Multiple logistic regression analysis was used to identify significant risk factors, their prognostic values and probability estimates of developing hypothyroidism in the presence of one or more of these factors. Results: The cumulative incidence of hypothyroidism was 55.8% at 1 year and 86.1% at 10 years. Graves' disease (odds ratio: 4.29), presence of thyroid autoantibodies (odds ratio: 3.51), no antithyroid treatment given prior to RAI (odds ratio: 2.50), non-palpable goiter (odds ratio: 2.48) and high RAI dose (odds ratio: 1.90), were identified as significant independent risk factors. We then developed a predictive table that provides objective estimates of developing hypothyroidism. In the absence of all risk factors we can predict an 11.9% probability of developing hypothyroidism; this increases linearly to a 96.4% probability in the presence of all factors. Conclusions: These objective estimates would help in understanding the relative contributions of the known risk factors, and to predict the probability of developing hypothyroidism following RAI treatment. This would not only help patients make an informed consent for a treatment that would lead to life-long replacement therapy but may also prove useful in calculating the RAI dose that may reduce or delay the onset of developing hypothyroidism.
Introduction
Hypothyroidism is a recognised major undesirable side effect of radioactive iodine (RAI) treatment for hyperthyroidism (1 -4) . Many dosage schedules of RAI, ranging from arbitrary deliberate ablation (5, 6) to elaborately calculated doses based on the size of the thyroid gland, uptake of radioiodine or the turnover of radioiodine (2, 6, 7) , have been used with little consensus about the most appropriate dosage regimen. Whilst it is possible to deliver a relatively accurate radiation dose to the thyroid gland, the biological response of the gland remains unpredictable. Although the incidence of early-onset hypothyroidism was reduced with calculated RAI doses, the incidence of late-onset hypothyroidism was disappointingly high (2, 6, 7) . In contrast, large ablative RAI doses result in a high incidence of early-onset hypothyroidism (5, 6) and have been recommended by some clinicians to obviate the need for long-term follow-up following such treatment. In view of the possible long-term effects of RAI treatment and thyroxine replacement (8) , we need to be careful in administering large RAI doses.
There is sufficient evidence that risk factors other than the RAI dose, such as presence of thyroid antibodies (9, 10) , aetiology of hyperthyroidism (11) , administration of antithyroid drugs (12, 13) , and goiter size (14, 15) , individually influence the outcome following RAI treatment. However, studies using calculated RAI doses have failed to take into account the relative contributions of these risk factors whilst calculating the dosage and this may explain the disappointing results. No attempt has been made to determine the independent prognostic values of these risk factors that can be used to provide objective estimates of the probability of developing hypothyroidism. Such estimates may help identify patients who have a significantly higher probability of developing hypothyroidism in the presence of more than one of these risk factors and may only require a small dose of RAI to achieve euthyroidism or hypothyroidism compared with those with a lower probability, thus requiring relatively higher RAI dosage. Accurate, objective estimates would also help clinicians understand the relative contributions of the known risk factors and allow them to predict the probability of developing hypothyroidism following RAI treatment, thus allowing patients to make an informed consent for a treatment that may lead to life-long replacement therapy.
Therefore, in this study we have examined data on the outcome in patients treated with first dose RAI between 1980 and 1996. We then identified the significant risk factors influencing the outcome and their predictive values in a multiple logistic regression model. The aim was to determine objective probability estimates of developing hypothyroidism following RAI and to develop a simple predictability table, thereby reducing reliance on subjective estimates of the outcome.
Materials and methods
We retrospectively reviewed the records of all 327 hyperthyroid patients who were treated with RAI between 1980 and 1996. The diagnosis of hyperthyroidism was based on clinical features, suppressed thyrotropin (TSH) levels and increased total thyroxine (T 4 ), free T 4 or free tri-iodothyronine (T 3 ). All patients between 1980 and 1988 were treated with a fixed RAI dose of 550 megabequerels (Mbq), as a policy of the nuclear medicine department, that changed to a lower dose of 400 Mbq between 1989 and 1996. Information collected included age, gender, aetiology of hyperthyroidism (Graves' disease, solitary toxic nodule (STN) and multinodular goiter (MNG) based on the nodularity of the goiter, presence or absence of thyroid autoantibodies, ultrasonography of thyroid gland or thyroid iodine uptake scan), thyroid autoantibody status (present or absent; titres of , 1:100 were considered absent), antithyroid drug (ATD) treatment prior to RAI (not given or given), goiter (not palpable or palpable; palpation was performed by the same consultant endocrinologist and confirmed by ultrasonography or thyroid iodine uptake scan) and RAI dose (550 Mbq or 400 Mbq).
Of the 327 patients treated with RAI, 53 patients were excluded from the study; 26 of the 53 patients had a follow-up less than 6 months, 15 had undergone subtotal thyroidectomy prior to RAI, 10 patients were previously treated with RAI elsewhere and in 2 patients the case notes were unavailable. The remaining 274 patients were included in the study.
Following RAI, the outcome was classified as persistent thyrotoxicosis, euthyroidism or hypothyroidism, based on the functional status of the thyroid. Thyroid status was assessed at monthly intervals after RAI treatment. Persistent thyrotoxicosis was diagnosed if free T 4 or T 3 remained elevated. Patients who remained hyperthyroid at 6 months were retreated with RAI and were considered as single-dose RAI treatment failures. Euthyroidism was diagnosed if patients remained euthyroid while off all treatment for 6 months, including T 4 replacement (11). Hypothyroidism was diagnosed if TSH was elevated and serum T 4 or T 3 was below the normal reference range (16) . Thyroid replacement was commenced following confirmation of hypothyroidism. Patients with elevated TSH but normal T 4 or with a modest reduction in T 4 were treated with thyroid replacement that was later withdrawn to reassess the thyroid status to exclude transient hypothyroidism. Patients were discharged from the hospital outpatient clinic when they became hypothyroid; they then commenced thyroxine replacement, which was then stable for 6 months. Patients receiving antithyroid drug treatment prior to RAI had, in each case, been advised to stop medication 7 days before receiving RAI and the treatment was not recommenced for at least 2 weeks after RAI treatment.
Statistical analysis
Descriptive statistics are expressed as either meansŝ tandard deviation (S.D.) or frequencies, as appropriate. Chi-square test was used to determine the significance of the effect of individual variables on the outcome classified as persistent thyrotoxicosis, euthyroidism or hypothyroidism. Forward stepwise logistic regression analysis was performed to evaluate the risk factors and their prognostic significance in the development of hypothyroidism. For regression analysis the dependent (outcome) variable was classified as hypothyroidism or non-hypothyroidism (persistent hyperthyroidism or euthyroidism). Age (# and . 55 years), gender, Graves' disease or non-Graves' disease (STN and MNG), thyroid autoantibodies (present or absent), ATD treatment prior to RAI (not given or given), goiter (not palpable or palpable) and RAI dose (550 Mbq or 400 Mbq) were used as covariates. The regression coefficient (b ) was obtained for each individual variable and then used to estimate the odds ratio (OR), using the equation OR ¼ e b . The standard error of b was used to calculate the 95% confidence interval (95% CI) of b and OR. OR represents the factor by which the risk of hypothyroidism is multiplied for the patients in the presence of the variable.
The cumulative incidence of hypothyroidism was determined by life-table analysis using SPSS statistical package (version 9.0) and the difference in incidence of hypothyroidism between subgroups was compared using Wilcoxon (Gehan) test. A P value of , 0.05 was considered significant.
Results
Of the 274 patients (males ¼ 41, females ¼ 233; mean age^S.D. at the time of RAI was 56:1^13:0 years), the diagnosis was Graves' disease in 186 patients, STN in 28 patients and MNG in 60 patients. One hundred and forty-five patients received an RAI dose of 400 Mbq and 129 patients were given 550 Mbq. Eighty-one patients were treated with antithyroid drugs (ATD) prior to RAI. Carbimazole was prescribed to 75 patients and propylthiouracil to the other 6 due to intolerability to carbimazole. One hundred and twenty-three patients had positive thyroid autoantibodies and goiter was palpable in 185 patients. One hundred and seventy-five patients developed hypothyroidism following the first dose of RAI and 68 patients remained euthyroid. Thirty-one patients had persistent thyrotoxicosis and required subsequent doses of RAI, following which 16 patients developed hypothyroidism, 8 became euthyroid and 7 patients required a third dose of RAI. Two hundred and one patients were discharged, 51 were still being followedup, 5 had died due to cardiac events and 17 had been lost to follow-up after a mean duration of 54.7 months (range: 18 -88 months).
The results of chi-square analysis are presented in Table 1 . Hypothyroidism developed in 80.4% men, 9.8% became euthyroid and 9.8% remained hyperthyroid following the first dose of RAI compared with 60.9%, 27.5% and 11.6% in women respectively ðx 2 ¼ 6:59; P , 0:05Þ: A higher proportion of patients with Graves' disease developed hypothyroidism (77.4%) compared with STN (39.3%) and MNG (33.3%), whereas the frequency of euthyroidism was significantly higher in STN (50%) and MNG (50%) treatment with ATD, thyroid autoantibody status and palpable goiter are detailed in Table 2 and demonstrated in Figs 1 and 2(A -F) . The overall cumulative incidence of hypothyroidism following RAI treatment was 38.2% after 6 months; this increased to 55.8% after 1 year and was 66%, 69.1%, and 86.1% at the end of 3, 5, and 10 years respectively. Multiple logistic regression analysis demonstrated that age and gender were not significantly associated with the development of hypothyroidism, whereas Graves' disease ðOR ¼ 4:29Þ; positive thyroid autoantibodies ðOR ¼ 3:51Þ; no ATD given prior to RAI ðOR ¼ 2:50Þ; absence of a palpable goiter ðOR ¼ 2:48Þ and higher RAI dose ðOR ¼ 1:90Þ were identified as significant prognostic risk factors following RAI (Table 3) . Using the regression coefficients (b ), we can obtain the predictive value or prognostic index (y ) of developing hypothyroidism for any individual following RAI in the presence of one or more identified risk factors by the equation 1 (17): X or the risk factor would be substituted with numerical value of 1 or 0 based on the presence or absence of the risk factor respectively. The percentage predicted risk (P) or the probability of developing hypothyroidism can then be estimated using the equation 2 (17):
For example, a patient with Graves' disease and positive thyroid autoantibodies would have a prognostic value of: Figure 1 Cumulative incidence of hypothyroidism in 274 patients after the first dose of radioactive iodine treatment. to develop hypothyroidism. Similarly, the probability of developing hypothyroidism in the presence of all identified risk factors would be 96.4%. Tables 4 and 5 detail the probability of developing hypothyroidism in the absence or presence of these risk factors in patients with Graves' and non-Graves' disease respectively.
Discussion
Our present study provides information on the independent prognostic significance of the several known risk factors influencing the outcome following RAI and provides a simple predictability table based on the absence or presence of these risk factors. The cumulative incidence of hypothyroidism was 55.8% at 1 year which increased at an annual rate of 3%. Graves' disease, positive thyroid autoantibodies, absence of a palpable goiter, no pre-treatment with antithyroid drugs and high RAI dose were identified as significant risk factors with different prognostic values when analyzed in a multivariate model. The risk of developing hypothyroidism, therefore, depends on the number of risk factors present and their individual predictive value prior to RAI. In Table 3 Risk factors influencing the outcome following radioactive iodine treatment identified using multiple logistic regression and their predictive value.
Factors Regression coefficient (b )
Odds ratio (95% CI) the absence of any known risk factor the probability of developing hypothyroidism following RAI is greater than 3 times in patients with Graves' disease (36.8%) compared with patients with STN or MNG ((11.9%). The risk increases linearly as the number of risk factors increase in both Graves' and non-Graves' disease patients. However, patients with non-Graves' disease have about 30%, 20%, 15% and 12% lower risk in the presence of 1, 2, 3 and 4 risk factors respectively (Tables 4 and 5) . One advantage of the objective estimates for the probability of developing hypothyroidism is that they help in understanding the relative influences of specific prognostic risk factors. Although studies have reported antithyroid drug treatment (2, 12, 13), goiter size (15, 18, 19) and dose of RAI (5, 7, 20) as contributors to the development of hypothyroidism, few studies have emphasized the contribution of thyroid antibodies on the outcome following RAI (9, 15, 19) . Our study emphasizes the degree to which both Graves' disease and the presence of thyroid antibodies contribute to influencing the outcome following RAI and suggests that these two are the strongest predictors of developing hypothyroidism following RAI. Our results and the regression equation would also help identify those patients who are at increased risk of developing hypothyroidism and may, therefore, require a smaller RAI dose compared with those with a lower number of predictive risk factors who have a reduced probability of developing hypothyroidism and may benefit from a larger RAI dose.
The aetiology of hyperthyroidism is an important factor influencing the outcome after RAI treatment. A higher incidence of hypothyroidism has been reported in patients with Graves' disease compared with MNG and STN, whereas a higher rate of single-dose treatment failure was observed in patients with MNG compared with Graves' disease and STN (4) . Toxic MNG is relatively resistant to RAI treatment requiring doses higher than widely appreciated and, unlike Graves' disease, hypothyroidism is relatively uncommon (21) . There remains controversy regarding the outcome following RAI in patients with STN, with some studies reporting STN to be more radio-resistant compared with Graves' disease (22) , whereas others failed to observe an excess of persistent hyperthyroidism in patients with STN (11). In our series of patients, 77.4% patients with Graves' disease became hypothyroid compared with 39.3% and 33.3% with STN and MNG respectively. The incidence of early-and late-onset hypothyroidism was also higher in patients with Graves' disease compared with STN and MNG. However, we found that the single-dose treatment failure rates were similar in these 3 groups, whereas euthyroidism was significantly higher in patients with STN and MNG compared with Graves' disease. The low incidence of hypothyroidism and increased rate of euthyroidism in STN and MNG, observed in our study and in previous studies, may well be due to the fact that the suppressed normal extra nodular tissue is protected by its inability to concentrate RAI. Previous studies have demonstrated a high incidence of hypothyroidism in patients with non-palpable or small goiters (15, 18, 19) . This may, in part, reflect that patients with large goiters are more likely to have MNG as the underlying diagnosis and are at less risk of developing hypothyroidism. It is also possible that patients with small goiters are likely to have received a higher dose of RAI than required and therefore may have a higher risk of developing hypothyroidism. In either case the size of thyroid goiter is an important factor influencing the outcome following RAI.
Evidence suggests that ATD treatment prior to RAI leads to a reduction of early-onset hypothyroidism (2, 23, 24) and an increased rate of single-dose RAI treatment failure (25, 26) . These studies and our results suggest a radioprotective effect of ATD treatment when given prior to RAI compared with RAI given alone. ATD of the thiourylene group block the incorporation of iodide into organic form and reduce the thyroid iodine content (27) . A contracted intrathyroidal iodine pool may, therefore, reduce the biological half-life of the RAI. Thus, the effect of ATD may be due to the lower radiation dose delivered to the thyroid gland from the given dose of RAI and may suggest a radioprotective influence of ATD treatment when given prior to RAI. There remains controversy about the effects of thyroid antibodies on the outcome following RAI treatment (2, 9, 15, 19) . Since RAI treatment triggers a humoral (28) and possibly a cell-mediated autoimmune response within the thyroid gland, it is quite likely that the coexisting chronic thyroiditis represented by the presence of thyroid autoantibodies (29) contributes to the progressive development of hypothyroidism. Our study supports this concept and demonstrates the prognostic significance of the presence of thyroid antibodies on the development of hypothyroidism following RAI therapy.
The ideal dose of RAI that would render patients euthyroid, avoiding a high incidence of hypothyroidism and single-dose RAI treatment failure rate, remains elusive. It can be argued that ablative RAI therapy may be preferable in treating patients with Graves' disease, as the single-dose RAI treatment failure rate is reported to be higher in patients treated with low or calculated RAI doses, whereas the incidence of hypothyroidism is similar in the long-term (2, 3, 30) . It is, however, important to point out that the reported single-dose RAI treatment failure rate ranges from 6% to as high as 33% in patients treated with large ablative RAI doses (4, 5, 31) . Furthermore, caution is required in administering large RAI doses in view of the possible long-term effects of RAI and T 4 replacement therapy (8) . It is possible that the rough approximation of the formulae used to calculate RAI dosage because of the difficulty in assessing 'active' mass of the thyroid in vivo, and the marked non-uniformity of uptake within the gland, in addition to individual variation in iodine kinetics, may explain the discrepancies observed in studies using low dose RAI. However, the wide variation of results previously observed using both high and low dose RAI (2 -5, 30, 31) suggests that factors other than RAI dosage influence the outcome following RAI treatment and should be taken into account when calculating RAI dose. Our study emphasizes the degree to which these risk factors influence the outcome and provides a model that could be useful in identifying patients with either a high or a low risk of developing hypothyroidism. This information could be extremely useful in calculating an appropriate RAI dose to achieve either euthyroidism or hypothyroidism.
In conclusion, we have identified significant risk factors for developing hypothyroidism and using their independent predictive values we have developed a simple table that provides objective rather than subjective estimates to predict the outcome following RAI. Our study may explain the variable outcome previously observed following RAI therapy and may account for the high rate of reported single-dose RAI treatment failure. We suggest that clinicians and nuclear medicine departments use this model and probability estimates to predict the risk of developing hypothyroidism and to calculate the dose of RAI depending on the presence or absence of one or more of these risk factors. Future studies using this paradigm may be able to demonstrate a method to devise an ideal dose of RAI that may render patients euthyroid with a reduced single-dose RAI treatment failure rate and incidence of hypothyroidism. This may reduce the use of life-long T 4 replacement therapy and repeated doses of RAI, which may prove highly cost effective.
